ABSTRACT: A cascade of pathological processes is triggered in the lesion area after ischemic stroke. Unfortunately, our understanding of these complicated molecular events is incomplete. In this investigation, we sought to better understand the detailed molecular and inflammatory events occurring after ischemic stroke. RNA-seq technology was used to identify whole gene expression profiles at days (D1, D3, D7, D14, D21) after focal cerebral ischemia in mice. Enrichment analyses based on Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) terms for the differentially expressed genes (DEGs) were then analyzed. Inflammation-related genes that were significantly expressed after stroke were selected for analysis and the temporal expression patterns of pro-inflammatory and anti-inflammatory genes were reported. These data illustrated that the number of DEGs increased accumulatively after cerebral ischemia. In summary, there were 1967 DEGs at D1, 2280 DEGs at D3, 2631 DEGs at D7, 5516 DEGs at D14 and 7093 DEGs at D21. The significantly enriched GO terms also increased. 58 GO terms and 18 KEGG pathways were significantly enriched at all inspected time points. We identified 87 DEGs which were functionally related to inflammatory responses. The expression levels of pro-inflammation related genes CD16, CD32, CD86, CD11b, Tumour necrosis factor α (TNF-α), Interleukin 1β (IL-1β) increased over time and peaked at D14. Anti-inflammation related genes Arginase 1 (Arg1) and Chitinase-like 3 (Ym1) peaked at D1 while IL-10, Transforming growth factor β (TGF-β) and CD206, which were induced at 1 day after cerebral ischemia, peaked by 7 to 14 days. These gene profile changes were potentially linked to microglia/macrophage phenotype changes and could play a role in astroglial activation. This study supplies new insights and detailed information on the molecular events and pathological mechanisms that occur after experimental ischemic stroke.
and it plays a role in all further stages of ischemic stroke. Various immune cells contribute to the inflammatory response and these cells can express inflammation-related proteins on their cell surface or release inflammatory factors into the extracellular environment [6] [7] [8] [9] . However, the inflammatory response does not only accelerate the damage of ischemic tissue, it may also play a role in repairing the ischemic tissue.
RNA-seq technology has been used to understand pathological mechanisms in nervous system diseases, such as stroke, Alzheimer's disease, spinal cord disease [10] [11] [12] . In this study, we employed RNA-seq technology to identify the whole gene expression profiles at different time points after experimental cerebral ischemia. The DEGs, the GO enrichment analysis and the KEGG pathway analyses were used to investigate the pathological mechanisms of ischemic stroke. In order to better understand the inflammatory response, related DEGs were selected and temporal expression levels of pro-inflammation and anti-inflammation related genes were determined after focal cerebral ischemia in mice.
MATERIALS AND METHODS

Animal model
Adult male mice aged 8-10 weeks were purchased from Beijing Vital River Laboratory Animal Technology Co. Ltd., (Beijing, China). All mice were housed under a 12 h light/dark cycle at room temperature (23°C) in the pathogen-free laboratory animal center of Beijing Friendship Hospital, Capital Medical University (Beijing, China). All experiments were performed according to protocols approved by the Animal Studies Subcommittee of the Capital Medical University.
There were 6 groups: sham control mice, 1 day (D1), 3 days (D3), 7 days (D7), 14 days (D14) and 21 days (D21) after cerebral ischemic stroke (n=6, pooled 3 mice together each time and had a biological replicate). Two mice were used for TTC staining at D1 after ischemic stroke. To induce the focal cerebral ischemic stroke, we ligated the distal middle cerebral artery (MCA) and temporarily (7 min) occluded both common carotid arteries (CCAs), as described previously [13] . Briefly, mice were anesthetized with 10% chloral hydrate (100 mg/kg, i. p.). A 7-mm skin incision was made between the orbit and the ear on the right side. After separating the muscle, a 3 mm diameter hole was drilled with a dental drill to expose the MCA. Distal branches of MCA were permanently ligated with 10 sterile sutures accompanied by a temporary (7 min) occlusion of both common carotid arteries (CCAs). Finally, the muscle and skin incision was sutured. Sham surgeries were identical to stroke surgeries without ligating MCA branches. The body temperature of the animals was maintained at 37 ± 0.5 °C during the surgery and up to 2 hours after surgery.
Tissue preparation
Brain tissue was obtained from the ischemic lesion area which included core and penumbra at D1, D3, D7, D14 and D21 after cerebral ischemia. The same area in sham control mice brain was also obtained. The animals were weighed, deeply anesthetized, and perfused with 25 ml of saline phosphate buffer (PBS: 0.1 M, pH 7.3) before we obtained the brain tissue. TTC (2,3,5-triphenyltetrazolium chloride) staining was used to show the ischemic lesion area of the brain tissue at D1. The brains were sliced into 1 mm slices by using a coronal brain matrix. The sections were placed into 2% TTC at 37°C for 5-10 min and then the sections were stored in 4% buffered paraformaldehyde for scanning.
RNA-sequencing
RNA-seq was performed on the RNA isolated from brain tissue. A total of 3 μg RNA of each group was used for the sample preparations. The NEBNext® UltraTM RNA Library Prep Kit for Illumina® (NEB, USA) was used to obtain the sequencing libraries. The TruSeq PE Cluster Kit v3-cBot-HS (Illumia) was used to cluster the indexcoded samples. After cluster generation, the samples were sequenced via Illumina Hiseq platform.
Data analysis
In order to obtain clean reads, the reads which contained the adapter, poly-N, and low-quality reads were removed. The clean reads were mapped to the reference genome via TopHat v2.0.12 and the read number that mapped to the genes via HTSeq v0.6.1 was counted. The FPKM value was used to estimate the gene expression levels. The DEGs analysis among the D1 vs Sham, D3 vs Sham, D7 vs Sham, D14 vs Sham and D21 vs Sham were performed by using DESeq R package (1.18.0). The pval < 0.05 and |log2(Foldchange)| >= 0 were assigned as statistically significant differences. The GO enrichment analysis of DEGs was performed by the GOseq R package. The KEGG pathway analysis was performed by KOBAS software. The pval < 0.05 was assigned as a statistically significant difference.
Inflammatory response related genes
The inflammatory response related genes which were significantly expressed at all the time points were selected. These included cytokines and related receptors, complement and related receptors, surface antigens, C-type lectin family and major histocompatibility complex. The temporal expression levels (FPKM value) of proinflammatory (CD16, CD32, CD86, CD11b, TNF-α and IL-1β) and anti-inflammatory (CD206, Arg1, Ym1, IL-10 and TGF-β) related genes were also estimated after cerebral ischemia.
Quantitative real-time PCR validation
Quantitative real-time PCR (qRT-PCR) analysis of 6 inflammatory response related genes (CD32, CD86, CD206, Arg1, Ym1, TGF-β) were performed to confirm temporal expression levels in the RNA-seq results. The primers used in the qRT-PCR are listed in (Table 1) . A qRT-PCR was performed on the Applied Biosystems 7500 Fast Real-Time PCR System using PowerUp SYBR Green Master Mix (Thermo Fisher Scientific). β-actin was used as the normalization control. The relative quantification of the target genes was calculated by using the 2 -ΔΔ(Ct) method. 
RESULTS
Temporal genome-wide expression after ischemic stroke.
TTC staining was used to show the ischemic lesion area in the cortex (in white) (Fig. 1A) . In order to explain the molecular mechanisms after ischemic stroke, the changes of gene expression in the ischemic lesion area were analyzed. The temporal gene expression profiles at five post-stroke time points: D1, D3, D7, D14 and D21 were compared to the sham group ( (Table  2) .
Gene ontology enrichment analysis of the DEGs at different time points.
As for the up-regulated and down-regulated genes in the ischemic lesion area of the brain, the DEGs were analyzed based on GO terms of biological process, cellular component and molecular function. Regarding biological processes, there were 149 significant terms for D1T-shamT, 129 significant terms for D3T-shamT, 158 significant terms for D7T-shamT, 186 significant terms for D14T-shamT, 180 significant terms for D21T-shamT. 27 significant terms were enriched at all the different time points and the number of DEGs in the terms were gradually increased ( Fig. 2A) . Immune response, inflammatory response, cell death, apoptotic, autophagy, and ion transport were the most enriched terms of biological process at different time points after ischemic stroke.
Regarding cellular components, there were 30 significant terms for D1T-shamT, 31 significant terms for D3T-shamT, 46 significant terms for D7T-shamT, 61 significant terms for D14T-shamT, 57 significant terms for D21T-shamT. There were no same enriched clusters of cellular components at any of the time points.
Regarding molecular functions, there were 103 significant terms for D1T-shamT, 102 significant terms for D3T-shamT, 121 significant terms for D7T-shamT, 140 significant terms for D14T-shamT, 138 significant terms for D21T-shamT. 31 significant terms were enriched at all the different time points and the number of DEGs in the terms were also gradually increased (Fig.  2B) . The most enriched terms included: protein binding, calcium ion binding, guanyl ribonucleotide binding, chemokine activity, and chemokine receptor binding at all time points. To further analyze the function of DEGs in the ischemic lesion area of the brain at all the time points, the KEGG pathway analysis was used. There were 47 significant pathways for D1T-shamT, 47 significant pathways for D3T-shamT, 45 significant pathways for D7T-shamT, 53 significant pathways for D14T-shamT, 48 significant pathways for D21T-shamT. At the same time, the pathways which were significantly clustered at all the time points were selected and divided into two groups: function-related and disease-related (Table 3) The TNF signaling pathway is one of the most enriched KEGG pathways. Here, its function encompasses three biological processes: apoptosis, inflammation/immunity and cell survival. Therefore, the change of genes in this pathway are observed at varying time points. 40 genes were up regulated and 1 gene was down regulated at D1; 30 genes were up regulated at D3; 29 genes were up regulated and 2 genes were down regulated at D7; 48 genes were up regulated and 13 genes were down regulated at D14; 51 genes were up regulated and 16 genes were down regulated at D21 (Fig. 3) . Apoptosis related genes such as Fas-associated via death domain (Fadd), Caspase8, Caspase7, Caspase3 were up regulated even at D21 after ischemic stroke. Adhesion molecules, including intercellular adhesion molecule 1 (Icam1), Selectin (Sele), and vascular cell adhesion molecule 1 (Vcam1), were also highly expressed according to our RNA-seq results. Besides, many chemokines in this pathway, including Ccl2, Cxcl1, Cxcl2, Cxcl3 and Cxcl10, were also significantly upregulated. IL-1β, IL-6, IL-15, leukemia inhibitory factor (LIF), TNF-α were the significantly expressed inflammatory cytokines. LIF was up regulated at D1 (with the log2Fold change at D1, D3, D7, D14, D21: 5.1705, 1.9495, 2.2962, 2.0899, 1.9872) and then gradually decreased with the progression of ischemic stroke. This may imply a role of LIF in the early period after ischemic stroke. 
Inflammatory response related genes
Inflammatory responses have been implicated in the pathological mechanisms of ischemic stroke. 87 inflammation-related genes that are significantly expressed at all the time points (which included cytokine and receptors, complement and receptors, surface antigens, C-type lectin family and major histocompatibility complex) were selected for analysis ( Table 4 ). The data supported that a variety of related genes and their expression patterns could be involved in regulating post-stroke inflammatory responses.
Next, a total of 11 microglia/microphage and astrocyte related cytokines/markers were summarized among the 87 inflammation-related genes. Expression levels (FPKM values) of CD16, CD32, CD86 and CD11b were increased at D1 and peaked at D14 after ischemic stroke. The level of TNF-α was gradually increased at D1 with a flat period from D14 to D21. The level of IL-1β was not very high from D1 to D7, but peaked at D14 followed by a flat period from D14 to D21 (Fig. 4A) . In contrast to the pro-inflammatory related genes, expression levels of Arg1 and Ym1 peaked at D1 and decreased over time, whereas expression levels of IL-10, TGF-β and CD206 peaked at the later time points (IL-10 at D7, TGF-β and CD206 at D14) (Fig. 4B) . These results indicated that the peak time for expression of pro-inflammation related genes is later than the anti-inflammatory related genes. 
Identification of the temporal expression levels of inflammatory response related genes
Among the 11 identified temporally regulated inflammatory response-related genes, six (CD32, CD86, CD206, Arg1, Ym1, TGF-β) were validated by qRT-PCR (Fig. 5 ). An expression level of CD32 was gradually increased and remained elevated at D21 after ischemic stroke. CD86 was increased at D1 and peaked at D14 after ischemic stroke. Levels of TGF-β and CD206 peaked at D7. Arg1 and Ym1 peaked at D1, then were gradually decreased at later time points. Together, the temporal changes of those related genes were consistent with our RNA-seq results. 
Microglia/macrophages and astrocytes in peri-infarct regions after focal ischemia
Ischemic lesion area was investigated by immunostaining Iba-1 and GFAP for microglia/macrophages and astrocytes. D14 and D21 were chosen based on inflammatory/anti-inflammatory gene expression profiles. There were many Iba-1-positive cells in the periinfarct regions at D14 and D21 (Fig. 6 A-C) . Significant morphological changes of the microglia/macrophages were observed in this study. The data supported the antiinflammatory changes of D14 and D21 microglia/macrophages, which were ramified compared to an amoeba phenotype (data not shown). Similarly, reactive astrocytes may be observed in the peri-infarct regions. Increased immunofluorescence was observed at D7 and D14 respectively alongside morphological changes in astrocyte endfeet. By D7, reactive GFAP positive astrocytes exhibit hypertrophied processes consistent with the expression profile patterns. Table 4 . The inflammatory related genes significantly expressed at all the time points.
Category Gene symbols
Cytokine and receptors Ifngr1 IL-10rb Il13ra1 Il17rc Il18rap Il21r Il2rg Il33 Il4ra Tnfaip2 Tnfrsf10b Tnfrsf13b Tnfrsf1a Tnfrsf1b Tnfrsf26 Csf1 Csf2rb Csf2rb2 Ccl12 Ccl3 Ccl4 Ccl5 Ccl6 Ccl7 Ccl9 Ccr1 Ccr2 Ccr5 Cmklr1 Cx3cr1 Cxcl10 Cxcl16
Complement and receptors C1qa C1qb C1qc C1rl C3 C3ar1 C4b C5ar1 C5ar2
Surface antigens Cd14 Cd151 Cd180 Cd248 Cd300lb Cd300ld Cd300lf Cd36 Cd37 Cd38 Cd44 Cd48 Cd52 Cd53 Cd5l Cd63 Cd68 Cd72 Cd74 Cd82 Cd84 Cd86 Cd9 Itgax Itgb2 Itgb7 Scarf1 Scarf2 Tlr1 Tlr13 Tlr2
C-type lectin family Clec14a Clec2d Clec4a1 Clec4a2 Clec4n Clec7a
Major histocompatibility complex H2-Aa H2-Ab1 H2-D1 H2-DMb1 H2-Eb1 H2-K1 H2-Q4 H2-Q5 H2-Q6
DISCUSSION
In this study, RNA-seq technology was used to systematically characterize the temporal gene expression profiles of genes involved in the pathophysiology of cerebral ischemia in mice. Tissue from the ischemic lesion area of brain was obtained for RNA-seq based on TTC staining which demarcates the ischemic lesion by color. In order to better understand the pathological mechanisms and detailed molecular events, five time points (1 day, 3 days, 7 days, 14 days, and 21 days) after ischemic stroke were chosen for analysis and differentially expressed genes were identified and analyzed accordingly.
The focal ischemic stroke model tested in this investigation is induced by permanent MCA occlusion plus transient CCA ligations, which resembles partial reperfusion injury commonly seen in stroke patients. As an intermediate model between permanent ischemia and full reperfusion after transient ischemia, we propose that the gene profile identified in this model is representative to some extent for both permanent and transient ischemic strokes. Based on our bioinformatics methods, we observed many enriched up-regulated genes following ischemic stroke. Similarly, a previous study showed via microarray analysis that the number of DEGs at 3 days after experimental stroke was greater than at 24 hours [14] . An increasing number of DEGs with the progression of ischemic stroke were reported and there were more upregulated genes than down-regulated genes.
Our results were consistent with many other reports of gene regulation after ischemia including effects observed in matrix metalloproteinases (MMPs), cytokines, and chemokines. MMPs, released by neutrophils and astrocytes, are able to destabilize the blood brain barrier after ischemic stroke [15, 16] . RNAseq revealed significant MMP-3 up-regulation (highly expressed up to 21 days after cerebral ischemia). MMP-3 has been reported [14] to promote hemorrhagic transformation after ischemic stroke. In addition, many enriched inflammatory markers after cerebral ischemia, including interleukins IL-11 and IL-6, chemokines (Ccl4, Ccl2, Ccl5) and serum amyloid A (Saa3), were observed to be up-regulated consistent with reports elsewhere [17, 18] . We report 58 GO terms and 18 KEGG pathways were significantly enriched among all time points. Considering the cumulative increases in both the number of DEGs and the number of enriched GO and KEGG terms at each time point examined following ischemic stroke, we concluded that pathological processes post-ischemic stroke becomes increasingly complex over time. Evidence suggests that the immune system is involved at all stages following ischemic stroke and that continuous inflammatory responses occur throughout the pathophysiology of ischemic stroke. We thus focused on inflammation/cell death-related genes and their terms. In particular, TNF signaling pathway was one of the most enriched pathways. Apoptosis related genes (Fadd, Casp8, Casp7 and Casp3) were upregulated even at D21 [3, 19] . A previous study showed that the Fadd inhibitor decreased cell death after ischemic stroke [20] . Adhesion molecules that could promote leukocyte recruitment, adhesion to the endothelial surface and transmigration to the ischemic lesion area [5, 21] were found to be highly expressed by our analysis. An inhibition of Icam1 had protective effects after ischemic stroke as previously reported in a rat model [22] . We also noticed that LIF peaked at D1. It was reported that LIF could protect neurons by upregulating the superoxide dismutase 3 after ischemic stroke [23] . We concluded that the protective effects of LIF occur during early period following stroke. It is known that various immune cells contribute to inflammation and that these cells can express inflammation-related proteins on their surface or release inflammation-related factors to their extracellular environments [24, 25] . Pro-inflammatory genes accelerate the damage of ischemic tissue while antiinflammation related genes promote the repair of ischemic tissue. In this study, 87 inflammation-related genes were expressed at all the time points (which includes cytokines and their cognate receptors, complements and their cognate receptors, surface antigens, C-type lectin family, and major histocompatibility complex) and were analyzed for their temporal expression patterns. Figure 5 . Identification of the temporal expressions of inflammatory response related genes with qRT-PCR. The expression level of CD32 (A) continuously increased and remained elevated at D21 after ischemic stroke. The level of CD86 (B) gradually increased at D1 and peaked at D14 after ischemic stroke. Expression levels of CD206 (C) and TGF-β (F) peaked at D7. Levels of Arg1 (D) and Ym1 (E) peaked at D1.
Among our identified genes, CD16, CD32, CD86, and CD11b were expressed on the surface of many cell types including some microglia, macrophage, T lymphocytes and B lymphocytes. TNF-α, and IL-1β were released by these inflammatory cells. Many studies demonstrated the up-regulation of the aforementioned related genes that promote the inflammatory response [26] [27] [28] [29] . In contrast, CD206, Arg1, and Ym1, among our identified genes, were expressed on the surface of antiinflammatory cells. IL-10 and TGF-β are released by the anti-inflammatory cells, to promote recovery from ischemic stroke [27, [30] [31] [32] . We reported that the expression level of pro-inflammatory genes peaked mostly at D14 whereas the anti-inflammation related genes: Arg1 and Ym1 peaked at D1, IL-10 peaked at D7, TGF-β and CD206 peaked at D7. This indicated that the peak time of expression level of pro-inflammatory related genes was later than anti-inflammation related genes. Previous studies using different stroke models have also reported similar tendencies with pro-inflammatory and anti-inflammatory responses. However, pro-inflammatory and anti-inflammatory responses following stroke could be more complex considering that these related genes are in different cell types, such as microglia, astrocytes, macrophages, lymphocytes and others. In future investigations, we should attempt to identify the proper time point to disrupt the deleterious inflammatory responses, and study inflammatory responses across the entire region of ischemic tissue in the long-term. The current study has provided new insights and detailed information on the molecular biology and pathology, especially with respect to pro-inflammatory and anti-inflammatory responses of experimental ischemic stroke. These data may be useful in the development of therapeutic interventions for ischemic stroke in humans.
